Objectives: Cyclins play an important role in the regulation of cell progression through the cell cycle. Over-expression of the cyclins has been shown in many different tumour types. Pituitary adenomas are a common form of endocrine neoplasia in the human, but have been little studied in terms of the expression of the principal cyclins regulating checkpoint exit, cyclin D1 and cyclin E. Methods: We therefore investigated the expression of cyclin D1 and cyclin E in a range of benign and metastatic pituitary tumours. We studied a total of 95 pituitaries, including normal pituitary (n = 20), Cushing's disease (n = 19), somatotroph tumours (n = 19), non-functioning adenomas (n = 18), prolactinomas (n = 7), aggressive tumours (n = 9) and pituitary carcinoma (n = 3). All tumours and normal tissue were immunostained for cyclin D1 and cyclin E using a standard technique, and were then subjected to blinded analysis by a single observer and the extent of staining quanti®ed on the basis of 500 cell counts per tissue. The distribution of positive staining between different tissues was analysed by non-parametric test procedures. Results: There was no cytoplasmic staining for cyclin D1 in any tissue. Nuclear staining was generally sparse, but was statistically more frequent in non-functioning and aggressive tumours compared with other tumour types or normal pituitary. Cyclin E was also sparsely expressed, but was speci®cally increased in corticotroph tumours from patients with Cushing's disease. Conclusions: We report cyclin D1 over-expression in aggressive and non-functioning pituitary tumours, and that cyclin E espression is more frequently seen in Cushing's disease. The high level of cyclin E expression in Cushing's disease may relate to the low level of p27 protein expression previously reported in corticotroph tumours.
Introduction
Cyclins and cyclin-dependent kinases (CDKS) are essential for cell cycle regulation in eukaryotes. Cyclins, the regulatory subunits, bind to CDKS, the catalytic subunits, to form active cyclin-CDK complexes. Active cyclin-CDK complexes drive cells through particular cell cycle phases, called`check points', by phosphorylating the unique sets of protein substrates that are essential to achieve transition to the next phase. The levels of cyclins are regulated at the level of transcription as well as by targeted degradation via the ubiquitin pathway (1) .
Cyclin D1 is a protein coded for by the PRAD1-CCND1 or bcl-1 gene. During the G1 phase of the cell cycle, cyclin D1, together with its CDK partners (CDK4 and CDK6), is responsible for the transition to S phase by phosphorylating the product of the retinoblastoma gene (pRB), which in turn releases transcription factors important in the initiation of DNA replication. Several lines of evidence link aberration of the cell cycle to tumorigenesis (reviewed in 2±4). Most particularly, dysregulation of cyclin D1 synthesis allows cell cycle progression in the absence of growth factors and may contribute to the initiation of oncogenesis. For example, over-expression of cyclin D1 has been reported in various human malignant tumours, including 30% of oesophageal cancers (5) . In breast cancers, the cyclin D1 gene is ampli®ed in 20% of cases, and also in 10% of hepatocellular carcinomas (6) . Cyclin D1 has also been implicated as an oncogene in parathyroid adenomas, with the cyclin D1 gene rearranged in relation to the parathyroid hormone gene locus (7) . In addition, cyclin D1 is diagnostically over-expressed in mantle cell lymphomas (8) . Many cancers have been reported to harbour ampli®cations of the chromosome band 11q13, where cyclin D1 is located (5).
Human cyclin E was discovered by its ability to rescue S. cerevisiae cells lacking G1 cyclin function. Cyclin E forms a complex exclusively with CDK2 and activates this serine-threonine kinase at the restriction point shortly prior to entry into S phase (9) . As for cyclin D1, there is evidence supporting a role for cyclin E as an oncogene, suggesting that deregulation of this protein is one of the primary events which alters the regulation of checkpoint controls in normal cells, leading to a tumour phenotype. Over-expression has been associated with poorly differentiated and invasive hepatocellular carcinoma when associated with p53 mutations. Overexpression of the cyclin E gene in breast cancer has also been demonstrated, with alterations of cyclin E becoming more severe with increasing breast tumour stage and grade. These ®ndings support the use of cyclin E as a powerful prognostic marker for breast cancer (10) .
In spite of the extensive data on these cyclins in a variety of tumour phenotypes, there are currently only limited data on cyclin D and E expression in pituitary tumours. Recently, one group has suggested that cyclin D may be over-expressed in non-functioning pituitary tumours compared with normal pituitary (11) . Various groups have recently reported that the tumour suppressor p27, which acts as a CDK inhibitor, is signi®cantly decreased in pituitary adenomas at the protein level as compared with normal pituitary (12±14), in spite of normal or even increased levels of p27 mRNA expression (15) ; its protein expression is diminished still further in corticotroph adenomas and malignant pituitary tumours (14) . The aim of the current study was therefore to investigate whether over-expression of cyclins D1 and E occurs in pituitary tumours compared with the normal pituitary gland, whether different pituitary tumour types and tumour behaviour express differences in cyclin D or cyclin E expression, and to relate any possible differences to p27 expression.
Materials and methods

Tumour specimens
We studied 95 pituitary tissue samples removed at transsphenoidal surgery. These were classi®ed histologically into 20 normal pituitaries, 63 pituitary adenomas, 9 aggressive tumours and 3 metastatic pituitary tumours. The normal pituitaries were resection specimens removed at transsphenoidal surgery for presumptive tumours that proved on standard haematoxylin and eosin, immunohistochemical and reticulin staining to consist of normal pituitary tissue and architecture; these have been previously reported in terms of p27-immunoreactivity, and were not speci®-cally resected for research purposes (14) . The normal pituitaries included tissue from patients with the clinical diagnosis of Cushing's disease (n = 14), prolactinomas (n = 3), acromegaly (n = 1), a non-functioning adenoma (n = 1) and an arachnoid cyst (n = 1). Abnormal pituitary tissue was classi®ed as adenoma, aggressive adenoma or carcinoma. The 65 adenomas were categorised as GH-secreting tumours (n = 19), ACTHsecreting tumours (n = 19), prolactinomas (n = 7) and non-functioning tumours (n = 18). The aggressive tumours showed invasive growth and/or recurrence; this group included non-functioning adenomas (n = 5), prolactinomas (n = 2) and GH secreting tumours (n = 2). The pituitary carcinoma group included one ACTHsecreting tumour and two prolactinomas; these patients had histologically-veri®ed extra-pituitary metastases.
Immunohistochemistry
Tissue preparation All tissues were collected at routine transsphenoidal surgery and prepared for pathological examination in a standard manner. Paraf®n sections were cut at 3 mm, air-dried, then placed in a 60 8C oven overnight. Sections were de-waxed in xylene, followed by immersion in a solution of 750 ml 30% hydrogen peroxide and 50 ml methanol for 10 min to block endogenous peroxidase. Sections were rehydrated to tap water, ready for antigen retrieval. The sections were superheated for 4 min in 0.01 M citrate buffer (pH 6.0), then placed in tap water immediately to avoid drying. The slides were transferred to phosphate-buffered saline (PBS), then placed in a protein-blocking solution for 10 mins before immunostaining.
Immunostaining ± cyclins Immunostaining was performed using a standard avidin-biotin complex (ABC) method followed by tyramide ampli®cation using an automated staining machine (Optimax Plus 1.5; Amenarini). Both primary antibodies anti-cyclin D1 (clone P2D11F1, Vector laboratories, Inc, Peterborough) and anti-cyclin E (clone 13A3, Vector Laboratories Inc, Peterborough) were placed on sections at 1/100 and 1/200 dilutions respectively for an overnight incubation at 4 8C in a wet chamber. The following morning the sections were washed in PBS then incubated in a biotinylated anti-mouse second layer for 30 mins; the sections were again washed in PBS then incubated in the avidin-biotin complex (Vectorstain Elite Kit PK6200; Vector laboratories Inc., Peterborough, UK.). The sections were washed in PBS then incubated in a biotinylated tyramide solution (NEL 700 NEN TSA indirect Kit, Life Science Products, UK) 1/100 for 5 min; they were then washed in PBS and the avidin-biotin complex reapplied for a further 20 mins. The tyramide step is an ampli®cation procedure, and is used routinely in our laboratory for examination of lymphomas. After three washes in PBS the sections were visualised with activated 3
H 3 H diaminobenzidine-tetrahydrochloride solution (DAB; Kentec Dab tablets 4170; Biostat, Stockport, UK) for 5 min.; this resulted in a brown end-product. The sections were counterstained with Gill's haematoxylin and dehydrated through graded alcohols before R2 S Jordan and others
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Immunostaining ± pituitary hormones Pituitary hormone stains were performed to establish the hormone phenotype of the tumour samples. GH, ACTH, TSH, FSH and LH antibodies were purchased from Dako Corp. (Oxford, UK). The prolactin antibody was purchased from Novacastra (Newcastle-upon-Tyne, UK). The sections were incubated overnight in the primary antibody at 4 8C. The standard ABC protocol was followed thereafter. A normal human pituitary was used as a positive control; the hormone antibody was omitted and replaced by mouse immunoglobulin as a negative control.
Haemotoxylin and eosin (H & E)
, and reticulin staining The sections from pituitary samples were stained with H and E as a general stain to demonstrate the various tissue components. A reticulin stain was performed to provide an indication of tissue architecture.
Controls
Positive controls Human tonsil tissue was used as a positive control since this contains lymphoid tissue with variable proliferative activity. In the basal layer of the squamous epithelium, where the cells are actively proliferating, cyclins D1 and E can readily be demonstrated as dense nuclear staining; however, in the mantle zone the cells are predominantly quiescent and no cyclin D1 or E should be detected. For cyclin D1, a mantle cell lymphoma was also used as this is known to over-express cyclin D1 (8) .
Negative controls Negative controls were used in each staining batch in which the primary antibody was omitted and replaced by mouse immunoglobulin (negative control mouse immunoglobulin, Amenarini, Finchampstead, Berkshire, UK). The ABC with tyramide ampli®cation protocol was followed thereafter. Positive and negative controls were run with every experimental section.
Quantitation
All sections were examined at x 40 magni®cation using bright-®eld microscopy. The sections were assessed by a single observer blinded as to the diagnosis. In each section, ,500 cells were analysed using a semiquantitative technique using standard measurement 
Statistical analysis
The data were subjected to a non-parametric test procedure, the Kruskal-Wallis test, for overall signi®-cance of group effects, followed by the Mann-Whitney test for individual comparisons, using the Arcus Quickstat Biomedical version 1.2.
Results
Normal tonsil tissue revealed nuclear staining in the basal layer of the squamous epithelium for cyclin D1. The mantle cell lymphoma, which is known to overexpress cyclin D1, showed strong positive nuclear staining.
Overall, cyclin D1 positive nuclear expression was seen in 40 of 95 (42%) cases, most of which were graded either 1+ or 2+. No tissue sample showed evidence of cytoplasmic staining. The normal pituitary revealed a positive count of 5/20 (25%), all graded as 1+. Non-functioning pituitary adenomas showed positive nuclear staining in 12/18 (67%) of the tumours investigated. Prolactinomas demonstrated a positive count of 3/7 (42%), graded 1+ to 4+ (Table 1A) . The aggressive group showed positivity of 6/9 (67%), graded between 1+ and 3+ (Table 1A) . Statistically, there was a signi®cant difference in positive counts between all pituitary groups combined (P < 0.03; Kruskall-Wallis test). Speci®cally, the Mann-Whitney test revealed a signi®cant difference between the normal pituitary group and the non-functioning adenomas (P < 0.02) and the aggressive group (P < 0.01). Combining the groups according to tumour grade (normal, adenoma, aggressive and carcinoma) showed a signi®cant group effect (P = 0.05; Kruskall-Wallis test), but individual comparisons (normal vs adenomas; adenomas vs aggressive) were not statistically signi®cant.
For cyclin E, normal tonsil tissue showed intense nuclear staining in the basal layer of the squamous epithelium and positive nuclei were also noted in the proliferating cells of the germinal centres, with no expression in the quiescent cells of the mantle zone. Overall, cyclin E positive nuclear staining was seen in 13/95 (14%) cases, most of which were graded between 1+ and 2+. No tissue showed any evidence of cytoplasmic staining. The Kruskal-Wallis test revealed a signi®cant difference between all pituitary groups (P < 0.02). The normal pituitary group revealed positive staining of 1/20 (5%), graded 1+. The Cushing's group revealed the highest positive count of 7/19 (37%), graded 1+ to 2+ (Table 1B) . A signi®cant difference between the normal pituitary group and the Cushing's group was clearly demonstrated (P < 0.03). These corticotroph adenomas constituted 7 microadenomas and two macroadenomas (one of these was removed in the second trimester of pregnancy).
Discussion
While our technique was clearly able to demonstrate cyclin D1 expression in control tissue, cyclin D1 was not commonly expressed by any normal or abnormal pituitary, with only a single prolactinoma showing more than 50% of cells with nuclear positivity. The majority of pituitary tumours showed either no nuclear positivity, or its presence in less than 10% of cells. It should also be noted that all pituitary tissue showed staining con®ned to the nucleus. This is in keeping with other data on proliferation indices in pituitary tumours, which in general show only very low rates of cell division. However, we were still able to demonstrate that pituitary tumours as a group had a larger number of samples with signi®cant cyclin D1 positivity compared with normal pituitary, with sub-group analysis suggesting that this was principally due to the non-functioning tumours and those showing aggressive characteristics. It should be noted that many of the latter were also nonfunctioning. This may relate also to the fact that the CDK inhibitor p16 is underexpressed in some 70% of non-functioning adenomas, probably secondary to aberrant methylation of CpG islands within its gene (16) . Pituitary carcinomas did not appear to differ from the more benign tumours. This in turn suggests that high cyclin D1 immunopositivity is an early change mainly seen in non-functioning tumours. However, it should be noted that in general non-functioning tumours are larger than other types, and it is possible that the degree of cyclin D1 expression relates to the size or degree of invasiveness of the tumour; previous work has shown an association between loss of heterozygosity at 11q13 (the approximate locus of the cyclin D1 gene) and tumour invasiveness (17) . Unfortunately, the small number of tumours showing cyclin D1 positivity precluded any statistical demonstration of this possible effect.
It may be noted that our positivity rate in the normal pituitaries was 25%, as compared with the complete absence of positivity seen in the normal pituitary reported by Hibberts et al. (11) . However, we graded as grade 1 positive any tissue which showed 1±10% cells staining for cyclin D1, while in the previous study these were included in the negative group (11) . Another possibility is that the discrepancy is due to the differing source of the normal pituitary in the two studies. Hibberts et al. (11) used autopsy material obtained within 6 h of death, while we used contemporaneous surgical material removed in the same manner as the tumour specimens. It is therefore possible that this tissue is more clearly representative of the normal pituitary, and we believe is a more appropriate control group. However, of the 5 positive`normal' pituitaries, 4 were from patients with a clinical diagnosis of Cushing's disease and one from a patient with an arachnoid cyst. We therefore cannot entirely exclude the possibility that the positive-staining cells in such normal pituitary are actually a consequence of the primary pathology, but we feel this is unlikely. We also used a tyramide ampli®ca-tion step, but this did not appear to markely increase the positivity rate of the tumours compared with the previous study; overall, expression in 10% or more cells was seen in 7/75 (9%) of tumours in our study, compared with c. 20% reported previously (11) . This previous study also noted higher cyclin D1 positivity in non-functioning tumours, as also reported in a recent preliminary communication from another group (18), but found that this appeared to be unrelated to tumour invasiveness. In thyroid tumours, cyclin D1 expression was also found to be unrelated to the degree of malignancy (19) . Cyclin E positivity was seen in a minority of both normal and adenomatous tissue, with only two tumours showing more than 10% of cells as positive. There was no cytoplasmic staining in any tissue apart from occasional`dotty' staining in some of the nonfunctioning pituitary adenomas, whose signi®cance is unclear. There was a statistical difference in nuclear staining between the groups, but in this case it appeared to be entirely due to the corticotroph tumours, which were the only group to be distinctly different to the normal pituitary. This is particularly of interest since we have previously reported that immunostaining for the tumour suppressor gene p27 was speci®cally and markedly lowered in corticotroph tumours as compared with other secretory and non-secretory phenotypes (14) . p27 interacts with cyclin E directly, either in a classical mode as a CDK inhibitor, or reciprocally being phosphorylated and inactivated by cyclin E (20) . In either case, there appears to be an inverse correlation betwen p27 and cyclin E expression. However, rather surprisingly, the malignant pituitary tumours were also previously characterised as being p27 negative (14) , but in this analysis did not clearly display cyclin E positivity. The reasons for this discrepancy are not obvious, but the sample size is small and it would be unwarranted to speculate on the basis of only three tumours.
In summary, analysis of cyclin D1 expression in a large cohort of pituitary tumours and normal pituitaries demonstrated that cyclin D1 expression was infrequent in both normal and abnormal pituitary, but more frequent staining was seen in non-functioning and aggressive adenomas. Cyclin E expression was also sparse, but in this case was over-expressed in corticotroph tumours. It is speculated that the higher rate of cyclin E positivity in corticotroph adenomas relates to the previously-described paucity of p27 in these tumours; this may in turn re¯ect increased degradation of p27 allowing cyclin E to increase, or conversely cyclin E increasing p27 degradation.
